We present an experimental study of all-optical helicity-dependent switching (AO-HDS) of ferromagnetic Pt/Co/Pt heterostructures with perpendicular magnetic anisotropy. The sample is patterned into a Hall cross and the AO-HDS is measured via the anomalous Hall effect. This all-electrical probing of the magnetization during AO-HDS enables a statistical quantification of the switching ratio for different laser parameters, such as the threshold power to achieve AO-HDS and the exposure time needed to reach complete switching at a given laser power. We find that the AO-HDS is a cumulative process, a certain number of optical pulses is needed to obtain a full and reproducible helicity-dependent switching. The deterministic switching of the ferromagnetic Pt/Co/Pt Hall cross provides a full "opto-spintronic device," where the remanent magnetization can be all-optically and reproducibly written and erased without the need of an external magnetic field. Recent experiments have shown the capability to switch magnetization using ultrashort laser pulses without applying an external magnetic field. 1,2 Initially shown for GdFeCo alloy films, all-optical switching (AOS) of this material was purely thermal and ultrafast, due to the different dynamics of Gd and FeCo sublattices. 3, 4 However, all-optical switching of GdFeCo alloy films is helicity dependent only for a narrow fluence range and the microscopic origin is explained by magnetic circular dichroism. [5] [6] [7] Later, all-optical switching has also been discovered in other ferrimagnetic materials, [8] [9] [10] and also in single ferromagnetic films. 11 However, in these materials, all-optical switching turns out to be helicity dependent for a wide range of fluences, and its microscopic origin is still under debate.
Despite the fact that the microscopic mechanism for all-optical helicity-dependent switching (AO-HDS) is still under debate, these experiments helped pave the way for a new field combining optics and spintronics. 12 This field called opto-spintronics makes use of the fact that both electrons and photons can carry a spin momentum. Since spins can be exchanged between the different carriers, this field is promising for fundamental research [13] [14] [15] as well as for applications. 16, 17 For instance, all-optical switching could be implemented in spintronic devices like spin-transfer torque based memories 18, 19 or heat-assisted magnetic recording. 20, 21 It would combine speed and energy efficiency since ultrafast pulses are used instead of magnetic fields in today's technology. Towards this goal, we probe AO-HDS with pure magneto-transport read-out, thus combining optics and classical spintronics. The materials used are ferromagnetic multilayers showing strong perpendicular anisotropy, which are known to exhibit strong thermal stability. 22 It was recently reported that GdFeCo based Hall crosses can be switched using ultrashort laser pulses. 23 However, as the switching process in these devices was helicity independent and not optically reversible, the written data could not be changed or erased without using magnetic fields. This problem underlines the importance of helicity dependent switching because it enables the deterministic all-optical writing and erasing of data without applying any magnetic field.
In this study, we demonstrate the AO-HDS of ferromagnetic Pt/Co/Pt microstructures by an all-electrical measurement of the anomalous Hall effect. 24 We show that using ultrafast femtosecond laser pulses, data in the form of the remanent magnetization can be reproducibly written and erased by changing the circular polarization of the pulses. This is demonstrated with both a static and a swept laser spot.
The investigated ferromagnetic sample is a multilayer thin film of Glass/Ta(3 nm)/Pt(3.7 nm)/Co(0.6 nm)/Pt(3.7 nm) grown by DC magnetron sputtering. The film shows a strong perpendicular magnetic anisotropy, with a first order anisotropy constant K 1 ¼ 2.65 Â 10 6 J/m 3 and a saturation magnetization M s ¼ 1483 kA/m. Thus, the effective perpendicular anisotropy constant is K eff ¼ K 1 À l 0 2 M 2 s is positive, which leads to a perpendicular magnetization in remanence with a room-temperature coercive field of l 0 H ¼ 8 mT. The sample is then patterned using optical lithography to obtain a Hall cross with a 5-lm width (see Fig. 1 ). A DC current is injected along the x direction, and the Hall voltage is measured along the y direction with the aim of quantifying the net z-component of magnetization within the Hall-cross area. For the experiments discussed here, no magnetic field is applied so the measured Hall voltage can be expressed using the Hall resistivity as follows:
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The current density used in our experiment is 30 MA/m 2 . This value is small compared to the one used for magnetization switching by current-induced spin-orbit torque, which is of the order of 0.3 TA/m 2 . Thus, a direct current-induced switching is unlikely to happen. 26, 27 For the optical excitation, we use a Ti: sapphire fs-laser with a 5-kHz repetition rate, a wavelength of 800 nm, and pulse duration of 35 fs. The Gaussian beam spot is focused with a FWHM of approximately 60 lm. A quarter-wave plate is used to create the circular polarization of the beam, thereby providing a spin angular momentum of þ h and À h for a right-(rþ) and left-(rÀ) handed circularly polarized photon, respectively.
To optically switch the magnetization in the Hall cross, two approaches are used. For both approaches, before illumination, the sample is saturated under an external magnetic field applied along the z axis to quantify the Hall voltage for the two saturated magnetic statesMê z or ÀMê z . In the first approach called sweeping beam measurement, the laser beam is swept over the length of the magnetic wire along the x axis across the Hall cross. In the second approach called static beam measurement, the pulsed laser is maintained at a fixed position where the center of the beam is about 40 lm from the center of the Hall cross. In both cases during optical excitations, no magnetic field is applied, and the anomalous Hall voltage is measured continuously, thus indicating the magnetic state in the central area of the Hall cross. A decrease in the anomalous Hall voltage could also be due to a change in the Hall resistivity, induced by the temperature increase. However, by adding an external magnetic field to the laser heated cross, the anomalous Hall voltage does not change compared to the one of the unheated cross. This excludes a significant change of the Hall resistivity.
As mentioned in the introduction, it is important to demonstrate not only the all-optical switching effect, but also its helicity dependence. Indeed, the switching of the central and active area of the Hall cross could also arise from domain formation by dipolar interaction, as this leads to a reduction of stray fields. Thus, a pure optical heating in the center of the cross could result in a switching of magnetization in this region of the cross, whereas the outer parts would remain unswitched. This heat induced domain creation would be irreversible and mainly helicity independent; thus, it can be excluded by proving the pronounced helicity dependence of our measurement. Hence, shown in Fig. 2 are sweeping measurements in all four possible configurations of light helicity and initial magnetization orientation. The sweeping speed of the laser beam is 40 lm/s, and its power is 0.95 mW.
The laser beam is swept from positions À100 lm to 100 lm. The zero position corresponds to the center of the Hall cross. As can be seen in Fig. 2(a) , sweeping with leftcircularly polarized beam over the Hall cross switches the magnetization to the up state (V Hall ¼ 1) independently of the initial state. Conversely for right-circularly polarized beam ( Fig. 2(b) ) the final state is down (V Hall ¼ À1). This undoubtedly demonstrates the helicity dependence of the observed all-optical switching process. The shapes of the curves in Fig. 2 can be understood considering that the beam can be decomposed into regions of different intensity (as described in previous studies 4, 11 ). In the central part of the laser spot, the intensity is sufficiently high to completely demagnetize the layer, whereas AO-HDS takes place for a narrow ring of the optimum intensity called AOS ring. When the beam is centered in region I (see Fig. 2 ), the laser beam is far from the Hall cross and has no effect on its magnetization. In region II, the absolute value of the Hall voltage is dropping as the first part of the AOS ring and the inner circle of the laser beam are entering the center of Hall cross. No switching is measured in the transition between regions I and II. The drop of Hall voltage in region II is probably due to thermal demagnetization or to a gradual presence of multiple domains in the cross. In contrast, in region III, the beam center is well aligned on the Hall cross and the presence of multiple domains in it leads to a zero plateau of the Hall voltage. In region IV, the signature of the helicity of the beam starts to appear as the second part of the AOS ring moves over the Hall cross area. Independently from the initial saturation, the magnetization switches gradually to up for rÀ and down for rþ light, until reaching a complete switching when the beam center is in region V.
Hence, this electrical measurement via the anomalous Hall effect is a clear demonstration of AO-HDS in Pt/Co/Pt based Hall cross, but it is observed after the sample is demagnetized by the center of the beam. This also enables the estimation of the diameter of the inner circle of the beam spot to be about 80 lm for a beam power of 0.95 mW.
For the power and the sweeping speed described in Fig. 2 , a full all-optical switching is obtained. However, decreasing the power absorbed by the Hall cross leads to an incomplete switching with an additional stochastic contribution. This decrease in the number of absorbed photons can be realized by either decreasing the laser power and/or increasing the sweeping speed (Fig. 3 ). Note that those two ways are very different, since in one case the maximum intensity of each pulse is tuned, but the number and density of pulses stay constant, while in the second case, the number of pulses per unit area changes. When the sweeping speed increases from 40 lm/s to 2500 lm/s, the distance between the two consecutive pulses increases from 8 nm to 0.5 lm, which remains low compared to the spot size that is about 80 lm. For both types of measurements, in order to take into account the stochastic contribution, all sweeping beam measurements in Fig. 3 were performed 20 times with a reset of the magnetization to its initial state after each sweep. For each individual measurement, the switching ratio s, which we define as the relative change of the anomalous Hall voltage in comparison to the full switching, is determined (a value of s ¼ 100% corresponds to complete and deterministic switching). The values of the switching ratio given in Fig. 3 are arithmetic means of these results, and the value of the standard deviation is given by the length of the error bars.
In Fig. 3(a) , the switching ratio is presented as a function of the laser power for various sweeping speeds. Only one combination of initial saturation and circular polarization is shown. We clearly observe a threshold power below which the laser does not affect the magnetization, and above which AO-HDS is observed. This threshold power is independent of the sweeping speed at least in the range from 40 lm/s to 2500 lm/s. Above the threshold power, a 100% switching is observed only for the lower sweeping speed (40 lm/s), whereas as the sweeping speed increases the switching ratio decreases and seems to saturate around 80%. As the ratio decreases, the standard deviation increases, meaning that the process is increasingly stochastic. Note that this switching ratio seems to be dependent only weakly on the laser power above the threshold power. Figure 3(b) shows the evolution of the switching ratio as a function of the sweeping speed for the four different combinations of circular polarization and initial saturation, with a laser power of 0.95 mW (largely above the threshold power). First, we can see that the expected symmetric behavior is observed. The helicity dependence of the all-optical switching process is conserved also for the highest measured sweeping speed of 2500 lm/s. In fact, for a given saturation, the difference in the switching ratio between the two circular polarizations is larger than 75% for all sweeping speeds. For sweeping speeds higher than 200 lm/s, the switching ratio drops by 10%-20% compared to the slowest speed of 40 lm/ s, and at the same time, the standard deviation increases. This behavior could be explained by the persistent formation of multiple magnetic domains within the Hall cross area. The formation of these domains might be due to the fact that less pulses interact with the Hall cross for high sweeping speeds, indicating that the AO-HDS of the entire Hall cross is a cumulative process. To compare with sweeping beam measurements, we investigated static beam measurements as they provide insight into the switching process and a better integration of the all-optical switching into spintronic devices. Figure 4 shows such a static beam measurement where the switching ratio is measured as a function of the laser power for a fixed laser beam center position of approximately 40 lm from the Hall cross center. The switching ratio is measured as the beam is on, to avoid demagnetization effects due to cooling when the beam is turned off. The rest of the measurement procedure (averaging over 10 measurements) is similar to that used for the sweeping beam measurement in Fig. 3 . Again, we show the combination of initial saturation up and rþ polarization. In this geometry, when the laser power increases, both the maximum laser power in the center of the laser spot and the size of the spot increase.
As can be seen from Fig. 4 , no switching occurs for the minimum power of 0.5 mW as the laser power at the position of the Hall cross is too low to influence the magnetization. For powers from 0.6 to 0.8 mW, the switching ratio increases gradually as the AOS ring gets centered on the Hall cross. In addition to partial switching, a significant stochastic component of the switching process appears, which is manifested in the large standard deviation. This might indicate that heatinduced magnetic domain fluctuations might play an important role for these laser power values. For a power of 0.95 mW, a reliable switching of about 90% is achieved with a small standard deviation. The fact that only 90% switching ratio is reached in the static beam measurement could be due to the small width of the AOS ring, which is not covering the entire Hall cross area. This behavior is similar to the one of the sweeping beam measurement in Fig. 3(b) , which is a hint that a certain number of photons are needed to obtain a reliable all-optical switching. Thus, a small area of the Hall cross remains un-switched. The helicity dependence has been verified by testing the other combinations of initial saturation and circular polarization.
In conclusion, we demonstrated all-optical helicity-dependent switching in a ferromagnetic Pt/Co/Pt film patterned into Hall cross to allow electrical measurement of the magnetization by the anomalous Hall voltage. Two methods were used: either the femtosecond laser beam was swept over the Hall cross or kept static close to the center of the cross. Both approaches indicate that a threshold power needs to be overcome to observe AO-HDS. By increasing the sweeping speed, the switching becomes incomplete, thus indicating that the AO-HDS of the entire Hall cross is a cumulative process. Those results tend to indicate that dynamics at different time scales are taking place. From a technological point of view, our studies show a first integration of AO-HDS of ferromagnetic layers into spintronic devices, by storing the circular polarization of the light in the remanence state of the magnetization. The helicity dependence plays a major role in this integration, as it enables a full and reproducible all-optical writing and erasing of data without applying any external magnetic field. 
